Using density-functional theory ͑DFT͒ calculations, the formation energies, electron affinities and electronic levels of various intrinsic defects in bulk LaAlO 3 are investigated. Results give the atomic structures of charged interstitials, vacancies, Frenkel pairs, antisite defects, and Schottky defects, respectively. It is found that the formation energies of O vacancy are the lowest in the reducing conditions. In contrast, the La vacancy V La is more favorable in formation energy as the O chemical potential increasing. Moreover, by considering the defect levels of LaAlO 3 with respect to the silicon conduction bands, the effects of the electron and hole trapping in real devices are also simulated. Our results show that the paired charged V O , which lies in the middle of the silicon band gap, should be the key problematic defect. The deep defect level of V O can induce a large-tunneling-leakage current and cause instability in the device performance. These predictions provide rich defect structures in LaAlO 3 and useful information for the microelectronic designs.
I. INTRODUCTION
Research on LaAlO 3 is experiencing a rapid surge of interest due to its potential use in applications such as high-K gate dielectric. 1 The continued downscaling of Si complementary metal-oxide-semiconductor ͑CMOS͒ devices requires the use of a gate dielectric with a high-dielectric permittivity ͑high K͒. The high-K materials with larger thickness can avoid the large-tunneling-leakage current, which is a formidable challenge as the traditional SiO 2 approaches its physical limit. 2 Among the many candidates, ZrO 2 and HfO 2 have been highlighted and practically used in the latest techniques, but their crystallization temperature is low ͑e.g., 400-500°C͒. LaAlO 3 is a promising gate dielectric material in future CMOS devices due to its large band gap ͑5.6-6.5 eV͒ ͑Refs. 3 and 4͒ and permittivity ͑23-25 0 ͒. 5, 6 It also has good thermodynamic stability in contact with the Si substrates. Crystalline LaAlO 3 ͑100͒, which is well matched with Si͑100͒ in lattice with a 45°C rotation, can grow epitaxially on a Si substrate. Moreover, epitaxial Si films maintain an abrupt interface with the LaAlO 3 substrate even after annealing at 900°C. 7 Recently, amorphous LaAlO 3 gate oxides with an effective oxide thickness of 3 Å have been achieved. 8 However, the LaAlO 3 film grown on Si is still amorphous. One of the major problems of the amorphous thin film is the high-defect concentration, which will result in charge trapping and cause degradation of Si carrier mobility. Nowadays, the development trends for high-K gate dielectric are the epitaxial growth, which can grow a crystalline film and reduce the defect concentration. Thus facilitate the band-structure tailoring of the artificial material of human interest. Therefore it is worthwhile to investigate the impact of defect on the electronic structure of crystalline LaAlO 3 . Electron and hole trapping induced by defects may change the electronic structure in the band gap and affect the leakage current. It is well known that the electrical properties of LaAlO 3 will vary with different doping type, surface termination, and thermal treatment conditions. For example, at low O partial pressure, the O vacancies at the interface of LaAlO 3 / SrTiO 3 play an important role in the anomalous conductivity. 9, 10 These results indicate that the electrical properties of LaAlO 3 affected by the intrinsic defects are very sensitive to the chemical environment of the whole system.
The importance of LaAlO 3 for semiconductor devices, where the alignment of various defect levels with the Si conduction-band edges affects the electrical properties, motivates the study on the energetics of intrinsic defects. Previous theoretical studies of LaAlO 3 were focus on the structural and surface properties. 11, 12 Concerning the defect structure, only the influence of O related defects and the antisites were considered by Xiong et al. recently. 13 Their studies, however, did not discuss how the dependence of defect formation energy depends on the O partial pressure. Many other defects, such as cation vacancies, interstitials, and Frenkel defects, etc., have not been investigated. Therefore, without a detail consideration of the various defect structures, it cannot be concluded that which type of defect species is energetically favorable and stable.
In the present work, we will focus on the influence of a variety of neutral and charged defects on the electronic structure of crystalline bulk LaAlO 3 by using first-principles plane-wave-based pseudopotential calculations. The formation energies of various defects in the cubic phase of LaAlO 3 are comprehensively investigated. The intrinsic defects include vacancies, interstitials, antisites, Frenkel pairs, and partial and full Schottky defects. As stated above, the stable defect states depend on the chemical environment ͑oxidizing or reducing atmosphere͒ and therefore the formation energy is computed as a function of the oxygen chemical potential. Taking into account the effect of electrons transferring from ͑to͒ the silicon substrate on the charge defect states in LaAlO 3 , we also calculate the electron and hole affinities of these defects. Their influences on the silicon band gap are also discussed.
II. COMPUTATIONAL METHODOLOGY

A. Calculations for perfect structure and supercells
Density-functional theory ͑DFT͒ electronic-structure calculations for the structural and electronic properties of LaAlO 3 were performed using the Vienna ab initio simulation package ͑VASP͒.
14 A plane-wave basis set was used for the electronic wave function and the projector augmented wave ͑PAW͒ method within the Perdew-Burke-Ernzerhof ͑PBE͒ flavor of generalized gradient approximation ͑GGA͒ ͑Refs. 15-17͒ was used for La, Al, and O atoms. For O, 2s and 2p electrons were considered as valence electrons while 3s and 3p electrons were treated as valence electrons in the Al pseudopotential. The PAW pseudopotential of La has 11 valence electrons ͑4f 5s 5p 5d 6s͒. Before going to the supercell calculation of defect structures, test calculations were performed using the PAW pseudopotential for the perfect LaAlO 3 . For the test calculations, a 6 ϫ 6 ϫ 6 mesh was sampled in the irreducible Brillouin zone according to the Monkhorst-Pack method.
The density of states ͑DOS͒ of LaAlO 3 calculated using GGA is given in Fig. 1 . The highest occupied valence band exhibits mainly O 2p states whereas the lowest unoccupied conduction band mainly consists of La 4f and 5d states. The calculated DOS is also consistent with calculations performed by others using the local-density approximation ͑LDA͒ calculation. 18 The band-gap value of 3.8 eV calculated by the GGA is 31% less than the experimental value. 3 Since the LDA calculation is well known to underestimate the band gap, the many-body "GW" quasiparticle approximation implemented in the package ABINIT ͑Ref. 19͒ was used to correct the band-gap value. In the GW approximation, the ABINIT code used the Kohn Sham electronic structure to compute the screening and the self-energy matrix element at the given k point. A6 ϫ 6 ϫ 6 k mesh with cutoff energy E cut = 490 eV is found to be convergent for the KohnSham electronic structure calculation and the converged cutoff energy of the wave function for screening and self-energy calculation are 108 and 135 eV, respectively. The LaAlO 3 is a direct band-gap insulator, whose highest occupied and lowest empty bands are located at ⌫ point. 20 The band gap calculated by the GW method at ⌫ point is 5.68 eV, which is smaller than the measured value of amorphous LaAlO 3 films ͑6.2 eV͒, 21 but agrees well with the experimental value of 5.6 eV in crystalline LaAlO 3 .
3 Table I shows the calculated results of lattice constant, bulk modulus, and the band gap for the cubic type of LaAlO 3 . These results are compared with the corresponding experiments and other references. 22, 23 The optimized lattice constant reproduce well the experimental result, the bulk modulus was obtained by fitting the energyvolume results with a Birch-Murnaghan equation of state. Our results of lattice parameter and bulk modulus are also in good agreement with previous DFT calculations. 18, 24 Based on the optimized test structure, the defect model was simulated with a supercell generated by a repetition of the perfect LaAlO 3 in the X, Y, and Z directions. The point defects were introduced by adding and removing atoms for interstitials and vacancies, respectively. The Frenkel defects were introduced by generating a nearby pair of vacancies and interstitials. The Schottky defects were generated by combining various vacancies ͑2V minimize the effects of the spurious interactions between the defects and their mirror images is using large supercells. To achieve that, we used different supercell sizes, such as 1 ϫ 2 ϫ 2, 2 ϫ 2 ϫ 2, 2 ϫ 3 ϫ 3, and 3 ϫ 3 ϫ 3 to analyze the system-size convergence. All supercells were fully relaxed, where for the calculation of the lattice relaxation, the atoms were allowed to move until the residual forces of atoms were less than 0.01 eV/ Å. A2 ϫ 2 ϫ 2 k mash was used with the plane-wave cutoff energy ͑E cut ͒ of 400 eV, in order to confirm the convergence with respect to E cut , the formation energies of the defect structure were also calculated at E cut = 530 eV. The resulted formation energies at E cut = 400 eV were then found to converge within 0.1 eV as compared to the higher cut-off energy.
B. Defect-formation energies
The defect-formation energies in LaAlO 3 can be calculated from the total energy of the supercell with defects, following the approach described in previous reports. 26, 27 The formation energies of charged defects will depend on the atomic chemical potentials and also vary with the electron chemical potential such as the Fermi energy. For a supercell containing defect ␣ with charge state q, the formation energy is given by
In this expression, E sc ͑␣ , q͒ represents the total energy of the supercell containing charged defect ␣, n i is the number of La, Al, and O atoms in the supercell, respectively, and i is their corresponding atomic chemical potentials. The q is the charge of defect and it varies from neutral to fully ionized states. At T = 0, the entropy contribution is neglected, the Fermi energy e is measured from the top of the valence band and varies from zero to the value of band gap. E VBM is the one-electron energy of the valence-band maximum ͑VBM͒, it is expected that the E VBM of a defect containing supercell is different from that of the perfect supercell due to the band-gap distortion caused by the defect. In order to obtain the formation energy of a charged defect, it is necessary to determine E VBM of the defective supercell and to line up the band structures with the perfect supercell. It is assumed that the potentials of atoms in the perfect supercell are similar to those far from a defect in the defective supercell. Then the shift of the VBM in a defective supercell can be obtained by using a macroscopic averaging technique, 28, 29 which calculated the average electrostatic potential difference between the defect containing supercell and the defect-free supercell. In the finite-size supercell calculation, these treatments can compensate the error caused by Coulomb interaction between the charged defects and the background image charge. 30 The defect-formation energies in LaAlO 3 are a function of the component chemical potentials. However, the chemical potential of the atomic species cannot be obtained directly. In the thermodynamic equilibrium, there are some thermodynamic limits for the chemical potentials formation are given in Table II , where spin-polarization is taken into account in our calculations. It can be seen that the calculated enthalpies of formation are in close agreement with the experimental values. [31] [32] [33] In electronic devices, the positions of the defect levels with respect to the bottom of the conduction band of LaAlO 3 and to other electron sources such as Si are useful. To achieve that, we need to calculate the electron affinity, which is defined as the energy gained when a free electron from the bottom of the conduction band is trapped at the defect. The electron affinity with charge q is computed by comparing the total energies of the initial and final states with different electrons. In our large supercell calculation, the GGA calculation gave a band gap of 3.63 eV. The difference ͑1.97 eV͒ in the band gap between the theoretical and the experimental value is the main source of error in the defect-level alignment. 34 Under the assumption that the underestimation of the band gap is due to the low position of the bottom of the conduction band, 35 the difference between the calculated and experimental energy band gap are used to correct the electron affinity.
where E͑LaAlO 3 ,−͒ and E͑LaAlO 3 ,0͒ are the calculated energies of the perfect supercell with charge −1 and 0, respectively. Similarly we can define the hole affinity of the defect, the energy gained when a free hole from the top of the valence band is trapped to the defect
Using these definitions, the equation e ͑␣ , q͒ + h ͑␣ , q͒ = E g ͑Exp͒ is satisfied. Now the theoretical results are in scale with experiment and thus we can use the experimental value of the band offset with Si to align the various defect levels.
III. RESULTS AND DISCUSSION
A. System size and structure relaxation
The formation energies of a variety of neutral and charged intrinsic defects are studied by using supercell calculations.
In order to derive the formation energy in the dilute limit, the effects of supercell size convergence on the formation energy are studied, as displayed in Table III . Results for different supercell sizes ͑20, 40, 90, and 135 atoms͒ are shown, with the reference chemical potential fixed at point A as shown in Fig. 2 . The oxidizing conditions at point A are suitable to simulate the thin-film deposition on the silicon substrate and the following thermal processes in the CMOS technique. The lattice distortion induced by the different supercell is significant, the lattice constants vary from 2% to 0.8% in the 1 ϫ 2 ϫ 2 supercell ͑20 atoms͒ and the 3 ϫ 3 ϫ 3 supercell ͑135 atoms͒, respectively. From Table III , it can be seen that the lattice distortions have a minor influence on the formation energies when the system is larger than 3 ϫ 3 ϫ 2 supercell ͑90 atoms͒. It is noted that the formation energy of the neutral defects began to show convergence at the 2 ϫ 2 ϫ 2 supercell while the high q charged defects such as V O 2+ , V La 3− , La i 3+ , and Al i 3+ require a larger 3 ϫ 3 ϫ 2 supercell ͑90 atoms͒ to converge. Certainly, the 3 ϫ 3 ϫ 2 ͑90 atoms͒ and 3 ϫ 3 ϫ 3 ͑120 atoms͒ supercell produce similar results for various types of defects. Therefore, this minor difference in formation energies also indicates that the interaction between a defect and its images can be neglected in the large 3 ϫ 3 ϫ 3 supercell. In the following calculations, the structure relaxation and defect-formation energies are based on the 3 ϫ 3 ϫ 3 supercell. The formation of defects will cause structural distortions around the defects. Table IV lists the distances from a vacancy to the neighboring ions before and after structural relaxation of the supercell. The first nearest-neighboring ͑NN͒ ions about the vacancy move outward, irrespective of the charge state. In contrast, the second NN ions exhibit more inward relaxation, except for the case of V O . The V O has two different second NN ion species ͑La and O͒, which occupy the equivalent coordinates. As a result of the V O relaxation, La ions tend to be pushed, while O ions are pulled toward the vacancy.
These ions relaxations can be explained from the balance of the electrostatic force. The outward relaxation of the first NN is a result of the missing chemical bonds, which attract the removed cations ͑anions͒ and the surrounding anions ͑cations͒. The inward movement of the second NN ions can be understood since the electrostatic repulsions of the cations ͑anions͒ and the removed cations ͑anions͒ are reduced by the introduction of a vacancy. For all vacancy species, with the increase in the charge state, the amplitude of the relaxation around the vacancy becomes larger. It is clear that a higher charged vacancy will have a stronger electrostatic reaction with the surrounding ions.
Moreover, the V Al causes a larger atomic relaxation ͑about twice as compared to the V La ͒ and is more sensitive to the charged state. The different relaxation behaviors for cation vacancies ͑V La and V Al ͒ are due to the different strength of the covalent interaction between La-O and Al-O atoms. The Al-O atoms show a larger sp states hybridization in the DOS plotted in Fig. 1 , indicating a stronger covalent bonding as compared with La-O atoms. Further investigations on the Mulliken charge and bond population 20, 36 have shown that the overlap electron population between Al-O bonding is 0.39 e, twice as high as that of the La-O bonding ͑0.18 e͒. This charge transfer played an important role in stabilizing the structure with a large lattice relaxation. The strong Al-O bonding was broken after the introduction of cation vacancy thus the O atoms about V Al have a larger outward relaxation than those about V La . For the second NN ions about V Al , with a force analysis, it is found that the more inward relaxation of La atoms is the result of the looser La-O constrain. It is noted that, in the third NN ions, the distances of atoms did not change significantly, indicating the minor influence from the vacancy. The cutoff radius of the third NN selected here is sufficient to describe the structural relaxations around vacancies. Figure 3 shows the formation energies of various defects along the vertices ͑A → B → C → D → E͒ defined in Fig. 2 . It can be seen from Fig. 3 that the neutral vacancies and interstitials vary their formation energies in different chemical environment. The O vacancy V O is a stable defect under reducing conditions. And the V O keeps the lowest formation energy over a broad range of chemical potentials, a result that is consistent with many experimental findings. 37, 38 Under oxidizing conditions, the vacancies of La and Al exhibit their lowest formation energy, which suggest that the metal vacancies are easily formed under O 2 -rich atmosphere. In contrast, the formation energies of cation interstitials are found to be relatively high compared to vacancies. The microscopic origin of that may arise from the large electrostatic repulsions suffered by the interstitials in the surrounding environment.
B. Formation energy
The O Frenkel pair-formation energies in Fig. 3 Besides neutral defects in the LaAlO 3 bulk samples, charge defects can also generate due to the growth, doping type, and thermal processes. Therefore, we study the formation energies of charged defects as a function of the electronic chemical potential ͑Fermi levels͒ e shown in Fig. 4 . The chemical environment at points A and E ͑in Fig. 2͒ are focused in Figs. 4͑a͒ and 4͑b͒ , respectively. The formation energy of a defect with a particular charged state is only shown when the charge state has the lowest energy. So the slope of a line corresponds to a charge defect state and the change in slope indicates a transition between charged states. In Fig. 4͑a͒ , corresponding to the oxidizing conditions, the V O 2+ is the dominant defect above the top of VBM, but its energy increase as the Fermi level e increase. At the bottom of the conduction band, the neutral V O 0 become stable. The cation vacancies prefer neutral states about the VBM and negatively charged states are stable as the e increase. Thus V La 3− and V Al 3− dominate in a wide range, especially near the bottom of the conduction band. While for O interstitial, only the paired negative charged O i 2− is preferred at the whole range of the electron chemical potential. As can be seen from Fig. 4͑b͒ , at point E under reducing conditions, the formation energies for all the charged vacancies and interstitials have a similar trend as that in Fig. 4͑a͒ . The main difference is that the formation energies of V La 3− and V Al 3− further increase, whereas the formation energy for V O 2+ decreases. Decreasing the O partial pressure will stabilize the V O 2+ defect at lower Fermi level.
C. Model processes
Assuming that the distributions of the defects in different charged states are known, we can use the defect reaction analysis to predict which kind of defect combinations will be energetically favorable. Table V shows various reactions and their energies, which are obtained from the formation energies of isolated charged interstitials and vacancies under oxidizing conditions. A positive value of the reaction energy indicates that the reaction is energetically favorable.
The O interstitial will forms a "dumbbell" or a "balanceshaped" structure with the surrounding O ions in the lattice, depending on the initial position of the interstitial atom. Reaction 1 in Table V shows that, similar to the calculation of zirconia, 39, 40 the O interstitials reaction predicts an Anderson's "negative −U" behavior, 41 namely, that two isolated O i − species will decay into a O i 2− and a neutral O i 0 . Since the net electron-electron coupling is attractive in O i 2− and this reaction is energetically favorable. The same is true for the O vacancies in reaction 5 but with a larger energy gain: two isolated V O + centers are not stable, they would decay into a paired charged and a neutral O vacancy. As mentioned in the structural relaxation, the neighboring ions move slightly outward about an O vacancy, and thus introduce a similar distortion as an O interstitial, all having the negative −U behavior. This also means that in LaAlO 3 both the O vacancy and interstitial would prefer to stay in diamagnetic states, which would be difficult to detect by using paramagnetic resonance measurement. For the O Frenkel pairs in reaction 2-4, the neutral interstitial and vacancy did not have a strong interaction in the relaxed structure. The energy of the charged pairs is slightly different. The separated pair of doubly charged
is energetically favorable since its associated formation energy is 5.463 eV lower than the singly charged pair O i − + V O + , and 5.474 eV lower than a pair of neutral defect. The difference in the charged pair-formation energies indicates a tendency toward charge transfer between the O vacancies and interstitials.
Besides the O defect reactions, the cation defect reactions are also discussed. From reaction 6 in Table V , the singly charged Al interstitial is most favorable, but the corresponding energy gain is small and will change with the external temperature. Again, there is also a negative −U behavior for the charged vacancy defect in reaction 11 La i 0 +La i 2+ → 2La i + , when two La i + decay into neutral and paired charged Al vacancy, it will release energy of 0.017 eV. For the rest cation Frenkel pair reaction, the charge transfer between the vacancy and interstitial is favorable. It is noted that the formation energy of the triple charged Al Frenkel pair is 9.214 eV lower than the neutral Al Frenkel pair, showing the strong ionic character of these defects.
D. Electron trapping
The presence of intrinsic point defects in LaAlO 3 will affect the performance of this material as an alternative gate dielectric. Therefore it is important to simulate the activity of defect states with respect to the LaAlO 3 and silicon conduction bands in the CMOS devices, where the electrons can tunnel from the thin oxide potentials into the defect states. The large electron affinities of the interstitial species and charged vacancies may serve as traps for electrons generated from the valence band of LaAlO 3 . According to Eq. ͑9͒, the calculated electron affinities of these defects are shown in a schematic energy diagram ͑Fig. 5͒ together with the reference of the silicon valence and conduction-band edge at the Si/ LaAlO 3 interface. The alignment of the defect levels with the valence-band edges will determine whether these defects can play a role in the conductivity.
Recent x-ray photoelectron spectroscopy measurement showed that crystalline LaAlO 3 forms an adequate barrier for both electrons and holes, the valence-band offset ͑VBO͒ between LaAlO 3 films and Si is measured to be 2.86 eV. 4 Counting from the top of the valence band of LaAlO 3 , we used the experimental VBO at the Si/ LaAlO 3 interface and TABLE V. Calculated defect reactions, the associated energies are obtained from the formation energies of isolated defects in the 3 ϫ 3 ϫ 3 supercell ͑135 atoms͒.
No. Reaction
Energy ͑eV͒ the band gap of silicon to estimate the tunneling energy of electrons with respect to the defect states. Figure 5 shows the defect levels of various intrinsic defects in cubic LaAlO 3 . The oxygen interstitials O i , Al La antisite, and the Al vacancy V Al will act as acceptors and can trap electrons injected from the top of the valence band of LaAlO 3 . The donor levels for La Al antisite lies above the silicon conduction-band minimum ͑CBM͒ and would probably produce electrons into the silicon. The deep level of V O and the cation interstitials ͑Al i and La i ͒ could be problematic since their positions lie in the silicon energy gap and may serve as pin in the band gap. That will facilitate the electron tunneling from the silicon valence band and give rise to a large conductivity, especially for V O 2+ , which has the lowest formation energy near the LaAlO 3 VBM. Similar to the situation of HfO 2 , the presence of reducing conditions and the adjacent metal gate will make a large concentration of V O occur in the gate oxides. The deep defect level of neutral V O , would probably resonate with the bottom of the silicon conduction band, and form the electron-trapping site to impair the barrier potential, resulting in a large-tunneling-leakage current. These results are consistent with experimental observations. 42 The energetic studies can only predict the energy gain during these processes at zero temperature. However, the real possibility of such processes still needs to know the kinetics of the defect electron trapping at finite temperature, which requires a further study regarding the scattering cross sections for electron trapping on these defects. It is also noted that the dielectric thin film used in CMOS is just several atomic monolayer, where the size effect, quantum tunneling, large surface proportion, and the substrate strain become dominant. These combinations of factors will have pivotal influences on its electrical and elastic properties but not so much on the formation energy. Since the thin film also has the same defect structures as in the bulk material, the energy of defects in bulk material can shed light on the thin-film system. The defect structures in thin film and their influence on the electronic-transport properties will be discussed in the future works.
IV. CONCLUSIONS
The structural relaxations and formation energy of various intrinsic defects in cubic LaAlO 3 have been investigated by first-principles plane-wave-based pseudopotential calculations. In summary, our analysis of this work yields the following conclusions: ͑1͒ for all vacancy species, irrespective the charge state, the relaxation of the first NN ions exhibits an outward trend. In contrast, the second NN ions show an inward movement except for V O , which pulls the O and pushes the La ions. Moreover, it is found that the ions about V Al exhibit larger atomic relaxation as compared to those about V La . ͑2͒ Under reducing conditions, the O vacancy is the most stable defect in LaAlO 3 and V O 2+ is the dominant defect when the Fermi level is close to the VBM. In contrast, under oxidizing conditions, negative cation vacancies such as V La 3− and V Al 3− become dominant as the Fermi level increases. There is a strong negative -U behavior in the O vacancy reactions, indicating strong tendency for two isolated V O + species to decay into V O 2+ and V O 0 . ͑3͒ The intrinsic defect levels are aligned with respect to the LaAlO 3 and silicon conduction bands. The O i interstitial, Al La antisite, and the V Al vacancy will act as acceptor for electrons, and V O vacancy, Al i , and La i interstitials will give rise to a large conductivity due to their deep defect levels lying in the middle of the silicon band gap. In particular, the paired charged V O is identified as the key defect, which is conjectured to play an important role in leakage currents, have been verified to indeed have the lowest formation energy in reducing conditions.
